Abstract-Long-term treatment with N -nitro-L-arginine methylester (L-NAME), an NO synthase inhibitor, induces hypertension and cardiovascular injury. However, its precise mechanism is unknown. Using apoptosis signal-regulating kinase-1 (ASK1)-deficient mice, we investigated the role of ASK1 in cardiovascular injury caused by L-NAME treatment. L-NAME was orally administered to ASK1-deficient and C57BL/6J (wild) mice for 8 weeks. L-NAME treatment increased blood pressure of wild and ASK1-deficient mice to a similar extent, indicating no role of ASK1 in NO-deficient hypertension. L-NAME treatment significantly impaired acetylcholine-induced carotid arterial relaxation in wild mice (PϽ0.01), being associated with the decreased endothelial NO synthase (eNOS) activity (PϽ0.01) and the increased disruption of eNOS dimer (PϽ0.01), whereas these changes by L-NAME were substantially attenuated in ASK1-deficient mice. Thus, ASK1 is involved in the impairment of vascular endothelial function by reducing eNOS activity and disrupting eNOS dimer. L-NAME treatment increased vascular reduced nicotinamide-adenine dinucleotide phosphate oxidase activity and superoxide in wild mice to a greater extent than in ASK1 deficient mice. L-NAME treatment in wild mice caused cardiac hypertrophy, myocyte apoptosis, macrophage infiltration, coronary arterial remodeling, interstitial fibrosis, and the expression of monocyte chemoattractant protein-1 and transforming growth factor-␤1, whereas these cardiac changes by L-NAME were absent in ASK1-deficient mice. Cardiac reduced nicotinamide-adenine dinucleotide phosphate oxidase activation and superoxide elevation by L-NAME were much less in ASK1-deficient mice than in wild mice. Our work provided the first evidence that ASK1 is implicated in vascular endothelial dysfunction and cardiovascular remodeling induced by NO deficiency by regulating eNOS and reduced nicotinamide-adenine dinucleotide phosphate oxidase. (Hypertension. 2007;50:519-524.) Key Words: cardiovascular diseases Ⅲ endothelium-derived relaxing factor Ⅲ NO synthase Ⅲ oxidative stress Ⅲ signal transduction N itric oxide, particularly produced by endothelial NO synthase (eNOS), plays a central role not only in physiology of vascular endothelial function and blood circulation but also plays a protective role against hypertension and cardiovascular injury. 1,2 N -nitro-L-arginine methylester (L-NAME), an L-arginine analogue, is the agent most frequently used as an NO synthase inhibitor in vitro and in vivo. It has been well established that NO deficiency by long-term oral treatment with L-NAME causes hypertension and cardiovascular remodeling in experimental animals. [3][4][5] Furthermore, this model induced by chronic L-NAME treatment is regarded as a useful and popular model to investigate the mechanism of cardiovascular diseases caused by NO deficiency. Interestingly, cardiovascular injury induced by chronic L-NAME treatment cannot be prevented by normalization of blood pressure with coadministration of hydralazine, a vasodilator. 6 Thus, cardiovascular damage by L-NAME is not mainly attributed to blood pressure elevation but to systemic and local neurohumoral factors, such as the renin-angiotensin system. 6 -8 However, the detailed mechanism underlying cardiovascular injury caused by NO deficiency with L-NAME treatment remains to be determined. Particularly, available information is scarce concerning the intracellular signaling molecule responsible for L-NAME-induced cardiovascular damage.
N itric oxide, particularly produced by endothelial NO synthase (eNOS), plays a central role not only in physiology of vascular endothelial function and blood circulation but also plays a protective role against hypertension and cardiovascular injury. 1,2 N -nitro-L-arginine methylester (L-NAME), an L-arginine analogue, is the agent most frequently used as an NO synthase inhibitor in vitro and in vivo. It has been well established that NO deficiency by long-term oral treatment with L-NAME causes hypertension and cardiovascular remodeling in experimental animals. [3] [4] [5] Furthermore, this model induced by chronic L-NAME treatment is regarded as a useful and popular model to investigate the mechanism of cardiovascular diseases caused by NO deficiency. Interestingly, cardiovascular injury induced by chronic L-NAME treatment cannot be prevented by normalization of blood pressure with coadministration of hydralazine, a vasodilator. 6 Thus, cardiovascular damage by L-NAME is not mainly attributed to blood pressure elevation but to systemic and local neurohumoral factors, such as the renin-angiotensin system. 6 -8 However, the detailed mechanism underlying cardiovascular injury caused by NO deficiency with L-NAME treatment remains to be determined. Particularly, available information is scarce concerning the intracellular signaling molecule responsible for L-NAME-induced cardiovascular damage.
Apoptosis signal-regulating kinase-1 (ASK1), a mitogenactivated protein kinase kinase kinase, has been initially identified as a proapoptotic kinase. 9 However, recently, ASK1 has been reported to also be implicated in a variety of cellular functions, including cell proliferation, survival, dif-ferentiation, and inflammatory response. 10, 11 Moreover, we have reported previously that ASK1 is the critical signaling molecule for angiotensin II-induced cardiac hypertrophy and remodeling, 12 vascular neointimal thickening induced by balloon injury or cuff injury, 13 and hind limb ischemiainduced angiogenesis. 14 Thus, ASK1 seems to be involved in a variety of cardiovascular injuries. However, there is no report concerning the role of ASK1 in cardiovascular injury under an NO-deficient state.
In the present work, we hypothesized that ASK1 may contribute to cardiovascular injury during long-term NO synthase inhibition. To demonstrate our hypothesis, we examined the effect of long-term L-NAME treatment on ASK1-deficient mice and obtained the first evidence that ASK1 plays a crucial role in vascular endothelial dysfunction and cardiovascular remodeling under the NO-deficient state.
Methods

Animals
ASK1
Ϫ/Ϫ mice 15 were backcrossed into C57BL/6J background by Ն10 generations to reduce genetic variation. 12 Wild-type mice on the same genetic background (C57BL/6J) were purchased from KBT Oriental (Hamamatsu, Japan). All of the procedures were in accordance with institutional guidelines for animal research.
Chronic L-NAME Treatment L-NAME (Dojindo) dissolved in the drinking water (1 mg/mL) was orally given to 8-week-old ASK1 Ϫ/Ϫ mice and age-matched wildtype mice for 8 weeks. Throughout the experiment, blood pressure of the conscious mice was measured every week with the tail-cuff method (BP98A; Softron Co). During the treatment, water intake was 4.19Ϯ0.12, 4.05Ϯ0.09, 4.24Ϯ0.09, and 4.23Ϯ0.06 mL/d in wild-type mice without and with L-NAME treatment and ASK1 Ϫ/Ϫ mice without and with L-NAME treatment (nϭ10 to 11 per group), respectively, indicating no statistically significant difference among 4 groups of mice. Thus, wild-type and ASK1
Ϫ/Ϫ mice consumed the same amount of L-NAME. After 8 weeks of L-NAME treatment, mice were anesthetized with ether, and the blood was obtained by cardiac puncture to measure plasma nitrogen oxide. Then, the heart, carotid arteries, and thoracic aorta were rapidly excised from each mouse to evaluate vascular relaxing response, reduced nicotinamide-adenine dinucleotide phosphate (NADPH) oxidase activity, superoxide, and eNOS activity and to perform Western blot analysis, histological examination, and real-time PCR, as described in detail in the online supplemental data available at http://hyper.ahajournals.org.
Results
Effect of L-NAME on Blood Pressure ASK1-deficient mice were indistinguishable in appearance from wild-type mice, and no developmental abnormalities were observed in histological analysis. As shown in Figure  S1 , under basal condition, there was no significant difference in blood pressure between wild-type and ASK1-deficient mice. Eight weeks of L-NAME treatment significantly elevated the blood pressure of wild-type and ASK1-deficient mice, to a comparable degree, throughout the treatment ( Figure S1 ).
Effect of L-NAME on Vascular Endothelial Function
In mice without L-NAME treatment, there was no significant difference in carotid arterial endothelium-dependent relaxation by acetylcholine (Figure 1 ) or endothelium-independent relaxation by S-nitroso-N-acetyl-DL-penicillamine (NO donor; Figure S2 ) between wild-type and ASK1-deficient mice. Chronic L-NAME treatment significantly impaired acetylcholine-induced endothelium-dependent relaxation in wild-type mice, whereas it failed to impair it in ASK1-deficient mice (Figure 1 ). L-NAME treatment did not significantly impair S-nitroso-N-acetyl-DL-penicillamine-induced carotid arterial relaxation in wild-type or ASK1-deficient mice ( Figure S2 ).
Effect of L-NAME on Vascular eNOS Activity, Plasma Nitrogen Oxide, eNOS Uncoupling, Phospho-eNOS, and Total eNOS As shown in Figure 2A and 2B, chronic L-NAME treatment significantly decreased vascular eNOS activity (PϽ0.01) and plasma nitrogen oxide (PϽ0.01) in wild-type mice but did not reduce them in ASK1-deficient mice. As shown in Figure 2C , low-temperature SDS-PAGE coupled with Western blot analysis indicated that the ratio of eNOS dimer to monomer was significantly reduced by L-NAME treatment in wild-type (PϽ0.01) and ASK1-deficient mice (PϽ0.05). However, the decrease in eNOS dimer:monomer ratio by L-NAME was significantly attenuated in ASK1-deficient mice compared with wild-type mice (PϽ0.05).
As shown by Western blot analysis in Figure S3 , without L-NAME treatment, no significant difference was noted between wild-type and ASK1-deficient mice in vascular phospho-eNOS and total eNOS levels. L-NAME treatment did not alter vascular phospho-eNOS and total eNOS levels in wild-type and ASK1-deficient mice.
Effect of L-NAME on Vascular NADPH Oxidase Activity and Superoxide Levels
As shown in Figure 3 , L-NAME treatment in wild-type mice significantly increased vascular NADPH oxidase activity (PϽ0.01), accompanied by the increase in vascular superox- ide levels (PϽ0.01). L-NAME-treated ASK1-deficient mice exhibited less vascular NADPH oxidase activity (PϽ0.05) and less superoxide levels (PϽ0.05) than L-NAME-treated wild-type mice. The presence of apocynin in the reaction mixture virtually abolished the above mentioned NADPH oxidase activity in all 4 of the groups (data not shown), confirming the specificity of the assay for NADPH oxidase activity.
Effect of L-NAME on Vascular p38 and c-Jun N-Terminal Kinase Phosphorylation
Because ASK1 is well known to preferentially activate p38 and c-Jun N-terminal kinase, 9 we determined the phosphorylation of p38 and c-Jun N-terminal kinase in mice with or without L-NAME treatment. Western blot analysis in Figure  S4 shows that L-NAME treatment significantly increased vascular phospho-p38 and phospho-c-Jun N-terminal kinase in wild-type mice but not in ASK1-deficient mice.
Effect of L-NAME on Cardiac Hypertrophy and Remodeling and Coronary Remodeling
As shown in Figure 4 and Figure S5 , chronic L-NAME treatment in wild-type mice markedly increased left ventricular weight corrected for body weight (PϽ0.01), the number of TUNEL-positive cardiomyocytes (PϽ0.01), macrophage infiltration (PϽ0.01), interstitial fibrosis (PϽ0.01), coronary arterial thickening (PϽ0.01), and perivascular fibrosis (PϽ0.01), whereas chronic L-NAME treatment did not change these parameters in ASK1-deficient mice.
Effect of L-NAME on Cardiac Monocyte Chemoattractant Protein-1 and Transforming Growth Factor-␤1 mRNA Expression
Real-time RT-PCR analysis indicated that L-NAME administration significantly increased cardiac monocyte chemoattractant protein-1 (MCP-1; PϽ0.01) and transforming growth factor-␤1 (TGF-␤1; PϽ0.01) mRNA expression in wild-type mice but did not increase them in ASK1-deficient mice ( Figure S6 ). Figure S7 indicates that L-NAME treatment significantly increased cardiac NADPH oxidase activity (PϽ0.05) and superoxide (PϽ0.01) in wild-type mice, whereas it did not significantly increase them in ASK1-deficient mice. The presence of apocynin or diphenyleneiodonium in the reaction mixture virtually abolished the above-mentioned NADPH oxidase activity in all 4 of the groups (data not shown), confirming the specificity of the assay for NADPH oxidase activity.
Effect of L-NAME on Cardiac NADPH Oxidase Activity and Superoxide Levels
Discussion
The major findings of our present work were that ASK1 plays a pivotal role in the impairment of vascular endothelial function and cardiovascular hypertrophy and remodeling caused by chronic L-NAME treatment and that the protective effects of ASK1 deficiency on L-NAME-induced cardiovascular injuries were mediated by the normalization of eNOS activity, the suppression of eNOS dimer disruption, and the inhibition of NADPH oxidase activation. Thus, our present work provided the novel molecular mechanism underlying cardiovascular damage by NO deficiency.
ASK1 is known to be activated by various stress stimuli relevant to the pathophysiology of cardiovascular diseases and to participate in various cellular responses, such as apoptosis, growth, inflammation, gene expression, etc. 9 -11,15 Furthermore, using ASK1-deficient mice, we have reported previously the important role of ASK1 in cardiovascular injury 12, 13 and angiogenesis. 14 Therefore, ASK1 seems to be one of the key molecules responsible for the pathophysiology of cardiovascular diseases. However, to the best of our knowledge, the role of ASK1 under an NO-deficient state has not been reported. Moreover, our previous work [12] [13] [14] did not address the detailed mechanism responsible for the contribution of ASK1 to cardiovascular diseases, and the precise role of ASK1 in cardiovascular diseases is poorly understood. Therefore, in this work, we assessed the detailed role of ASK1 in cardiovascular injury caused by chronic L-NAME treatment.
In this work, L-NAME treatment increased blood pressure of ASK1-deficient mice to a comparable degree to wild-type mice throughout the treatment. Thus, our work indicates that ASK1 plays no role in the development of hypertension caused by L-NAME treatment. Our present findings on L-NAME treatment are in good agreement with our previous findings that ASK1 deficiency does not affect hypertension induced by angiotensin II infusion, 12 confirming no role of ASK1 in blood pressure regulation. Furthermore, in our present work, no difference in blood pressure between ASK1 and wild-type mice allowed us to examine the role of ASK1 in L-NAME-induced cardiovascular injury, independent of blood pressure.
To the best of our knowledge, there is no report concerning the role of ASK1 in vascular endothelial function and eNOS regulation. In the present work, chronic L-NAME treatment caused the marked impairment of vascular endothelial function in wild-type mice, as shown by the decreased vascular relaxation with acetylcholine but not with S-nitroso-N-acetyl-DL-penicillamine ( Figure 1 and Figure S2 ), which was associated with the significant reduction of vascular eNOS activity (Figure 2A ). Of note are the observations that ASK1-deficient mice treated with L-NAME exhibited no impairment of vascular endothelial function and no reduction of eNOS activity. Hence, our present work provided the first evidence that ASK1 deficiency protects against the impairment of vascular endothelial function by preventing the reduction of eNOS activity.
eNOS activity is known to be regulated by multiple mechanisms, including phosphorylation of eNOS, eNOS protein expression, and eNOS uncoupling. 16 In this work, to elucidate the underlying mechanism of preservation of eNOS activity in L-NAME-treated ASK1-deficient mice, we compared vascular phospho-eNOS and total eNOS levels and the ratio of eNOS dimer:monomer between both strains of mice. Regardless of L-NAME treatment, there was no difference in vascular phospho-eNOS and total eNOS protein levels between either strain of mice, thereby indicating no alteration of phosphorylation and protein expression of eNOS by L-NAME. eNOS under a physiological state exists as a dimeric form and generates NO from arginine, but excessive oxidative stress observed under various pathological conditions is known to disrupt the eNOS dimer to generate the eNOS monomer. eNOS monomer has no enzymatic activity to generate NO and instead produces superoxide (eNOS uncoupling). 17, 18 In the present study, low-temperature SDS-PAGE analysis showed that L-NAME treatment reduced the ratio of eNOS dimer to monomer in wild-type mice and ASK1-deficient mice, indicating the disruption of eNOS dimer by chronic L-NAME treatment. However, of note, L-NAME-treated ASK1-deficient mice exhibited less disruption of the eNOS dimer than L-NAME-treated wild-type mice ( Figure 2C ). These findings indicate that the absence of reduction of eNOS activity in L-NAME-treated ASK1-deficient mice might be at least in part attributed to the attenuation of eNOS dimer disruption (eNOS uncoupling).
Previously, we have reported that angiotensin II-induced cardiac hypertrophy, apoptosis, fibrosis, and coronary remodeling are significantly attenuated in ASK1-deficient mice. 12 Vascular remodeling induced by cuff injury is also lessened in ASK1-deficient mice. 13 Furthermore, hind limb ischemiainduced angiogenesis is attenuated in ASK1-deficient mice, being associated with the attenuation of expression of MCP-1 and macrophage infiltration. 14 In the present work, we found that ASK1 deficiency inhibited cardiac hypertrophy, myocyte apoptosis, interstitial fibrosis, and coronary arterial remodeling under L-NAME treatment. These present findings were consistent with our previous findings on angiotensin II infusion. 12 Furthermore, in this work, we also examined cardiac macrophage infiltration and expression of MCP-1 which plays a major role in macrophage infiltration. 19, 20 We obtained the evidence that ASK1 deficiency suppressed macrophage infiltration and the enhanced expression of MCP-1 caused by L-NAME, findings similar to our previous report on the hind limb ischemia model. 14 We also examined cardiac TGF-␤1 expression, because TGF-␤1 21 is a major growth factor responsible for tissue fibrosis. We found that the enhancement of TGF-␤1 expression caused by L-NAME is weak in ASK1-deficient mice, suggesting the contribution of TGF-␤1 to less cardiac fibrosis in L-NAME-treated ASK1-deficient mice. Hence, the prevention of cardiac injury by ASK1 deficiency might be at least partially attributed to the inhibition of MCP-1 and TGF-␤1 expressions. Thus, our present findings extend the important role of ASK1 in pathophysiology of cardiac diseases.
NO and reactive oxygen species (ROS) play a counterregulatory role in vascular endothelial function and cardiovascular hypertrophy and remodeling. 22, 23 NO synthase inhibition by L-NAME treatment causes NO deficiency, leading to the condition of excessive ROS in cardiovascular tissue. Accumulating evidence indicates that NADPH oxidase is a major enzyme producing superoxide (ROS) and NADPH oxidasemediated ROS causes vascular endothelial dysfunction and remodeling and cardiac hypertrophy and remodeling. 24, 25 Therefore, in the present work, we compared the effect of L-NAME treatment on NADPH oxidase activity and superoxide levels between wild-type and ASK1-deficient mice. We obtained the evidence that L-NAME-treated ASK1-deficient mice showed no increase in cardiac and vascular NADPH oxidase activity in contrast to the significant increase in NADPH oxidase in L-NAME-treated wild-type mice. Furthermore, cardiac and vascular superoxide levels in ASK1-deficient mice treated with L-NAME were significantly smaller than those in wild-type mice with L-NAME. These results show that ASK1 deficiency attenuates ROS production caused by L-NAME by decreasing NADPH oxidase activity. Taken together with the fact that NADPH oxidasemediated ROS plays a key role in vascular endothelial dysfunction and cardiovascular remodeling, 24,25 our present results support the notion that the absence of an increase in NAPDH oxidase activity might be at least in part involved in the attenuation of cardiovascular remodeling in ASK1-deficient mice treated with L-NAME.
In conclusion, we have first examined the role of ASK1 in cardiovascular injury under the NO-deficient state and provided the first evidence that ASK1 plays a pivotal role in the impairment of vascular endothelial function, vascular remodeling, and cardiac hypertrophy and remodeling. Furthermore, these protective effects of ASK1 deficiency seem to be attributed to the suppression of eNOS dimer disruption and the inhibition of NAPDH oxidase activation. Thus, our work provided a novel insight into the molecular mechanism underlying cardiovascular injury caused by NO deficiency.
Perspectives
The decrease in NO synthesis in cardiovascular tissue commonly occurs in metabolic syndrome, including hypertension, diabetes, obesity, and hyperlipidemia, and plays a key role in the pathophysiology of cardiovascular diseases, such as vascular endothelial dysfunction, and cardiovascular hypertrophy and remodeling. Therefore, it is of great clinical relevance to elucidate the precise mechanism underlying cardiovascular diseases caused by NO deficiency. ASK1 is well known to be activated by stress stimuli, such as angiotensin II, ROS, etc, and participates in a variety of cellular responses. In our present work, by using ASK1-deficient mice, we obtained the first evidence that ASK1 deficiency prevents the impairment of vascular endothelial function, vascular remodeling, cardiac hypertrophy, apoptosis, inflammation, and fibrosis under an NO-deficient state with chronic L-NAME treatment. Furthermore, we showed that these protective effects of ASK1 deficiency in L-NAME-treated mice were attributed to the suppression of eNOS dimer disruption and NADPH oxidase activation. Therefore, our present work provides a novel insight into the molecular mechanism of cardiovascular diseases and highlights ASK1 as a potential therapeutic target molecule for cardiovascular injury caused by NO deficiency.
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Vessel Ring Preparation and Organ Chamber Experiments
Isometric tension studies were performed, as previously described by us were homogenized with an Ultraturrax T8, centrifuged, and NADPH oxidase activity of the resulting supernatant was measured by lucigenin chemiluminescence in the presence of 10 µM NADPH and 5 µM lucigenin as electron acceptor, as described 2, 3 . To confirm that the measured activity was attributed to NADPH oxidase, the assay was also performed in the presence of specific NADPH oxidase inhibitors, diphenyleneiodonium (DPI) (10 µM) or apocynin (1 mM). Protein concentrations were measured by the method of Bradford 4 .
Measurement of vascular and cardiac superoxide
Carotid arteries and cardiac tissues, removed from mice, were immediately frozen in Tissue-Tek O.C.T. embedding medium (Sakura Finetek). Dihydroethidium (DHE) was used to evaluate tissue superoxide levels in situ, as described 5 . DHE fluorescence of arterial and cardiac sections were quantified using Lumina Vision version 2.2, analysis software. The mean fluorescence was quantified and expressed relative to values obtained for control mice. Preparation of arterial protein extracts and Western blot analysis of eNOS, p38, and
JNK
Our detailed method has been described previously 1, 6 . Briefly, after aortic protein extracts were subjected to sodium-dodecyl sulfate polyacrylamide gel i ASK1, NO deficiency, and cardiovascular injury electrophoresis (SDS-PAGE) and electric transfer to polyvinylidene difluoride membrane, the membranes were probed with specific antibodies. Antibodies used were as follows: phospho-eNOS (Ser-1177) (x 5000, BD Transduction Laboratories), To determine plasma NO, plasma NOx was measured by using a total NO Assay Kit-FX™ (Dojindo, Kumamoto, Japan).
Histological examination
The hearts from each mouse were fixed in 4 % paraformaldehyde overnight.
Then, they were embedded in paraffin, sectioned into 5-µm slices, stained with Sirius Green assays were performed with the qPCR Master Mix for SYBR Green I (Takara).
Specificity of the SyBr Green assays was confirmed by melting point analysis. mRNA for the housekeeping gene glyceraldehyde-3-phosphatedehydrogenase (GAPDH) (Applied Biosystems, California, U.S.A.) was also quantitated for normalization, since GAPDH is regarded as a useful internal control for mRNA quantification. mRNA quantification was carried out by standard curve method. The amplification was in a linear relationship with the initial template concentration, and all testing samples were located within range. The efficiency was 93.9 %, 104.9 %, and 98.4 % for MCP-1, TGF-beta 1, and GAPDH, respectively. The correlation coefficient was 0.998, 0.990, and 0.998 for MCP-1, TGF-beta 1, and GAPDH, respectively. Thus, these findings confirmed the validity of our method.
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Statistical analysis
All data are presented as mean±SEM. The data on time course experiments were analyzed by two-way ANOVA, followed by Fisher's PLSD test, using StatView for Windows (SAS Institute, Inc. Cary, U.S.A.). In all other data, statistical significance was determined with one-way ANOVA, followed by Fisher's PLSD test. In all tests, differences were considered statistically significant at a value of P<0.05. Scale bars = 100 µm. Abbreviations are the same as in Figure S1 . 
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